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NASA TTF-10 , 347 

SOME RESULTS RELATED TO SPACE PROPULSION* 

Jean Surugue 

ABSTRACT 

An arc image oven is  used i n  t h e  i n v e s t i g a t i o n  of 
s o l a r  energy c o l l e c t i o n .  Experimental h e a t  elements 
have been b u i l t .  The e l e c t r o s t a t i c  propuls ion u n i t s  
use mercury ions  as t h e  working medium and have a 
s p e c i f i c  impulse of 3800 sec. The r a i l - t y p e  plasma- 
gun is  used t o  s tudy t h e  discharge propagation. 
S l id ing  f i e l d  plasma a c c e l e r a t o r s  are based on t h e  
removal of t h e  conducting medium by Foucalt  cu r ren t s .  
The electric arc propulsion u n i t s  use argon and helium 
as p r o p e l l a n t s ,  and are water cooled. 

INTRODUCTION 

The gene ra l  a i m  of e l e c t r i c  propulsion research is  t h e  production /1** 
of s p e c i f i c  impulses considerably l a r g e r  than those which can be 
achieved with chemical f u e l s .  Nevertheless,  i n  view of e a r t h  s a t e l l i t e  
mis s ions ,  t h e r e  i s  a requirement f o r  r e l a t i v e l y  moderate s p e c i f i c  
impulses,  f o r  example, on t h e  o rde r  of 500 t o  1,000 seconds. This means 
t h a t  one cannot n e g l e c t  t h e  simple idea of e l e c t r i c  propuls ion,  such 
as, f o r  example, t h e  e l ec t ro the rma l  propuls ion u n i t .  The l a t t e r  
con t inues  t o  be of i n t e r e s t  d e s p i t e  advanced concepts such as plasma 
a c c e l e r a t o r s .  

*Presented a t  t h e  D.G.R.R. Symposium on Electr ic  Propulsion, Sonnenberg, 
Germany, February 2 4 ,  1966. (Preliminary Version). T.P. No. 328 (1966). 

**Numbers given i n  the margin i n d i c a t e  pag ina t ion  i n  the o r i g i n a l  fo re ign  
text. 
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This i s  t h e  reason I f e e l  ob l iga t ed  t o  p re sen t  t o  you some of t h e  
r e s u l t s  obtained a t  t h e  ONERA concerning va r ious  propuls ion methods now 
under s tudy,  without omit t ing any sub jec t  under i n v e s t i g a t i o n .  I would 
l i k e  t o  add 
wi th  research of a fundamental na tu re ,  c l o s e r  t o  t h e  physics  of phenomena 
than t h e  technology of equipment production. 
t o  a b r i e f  comparison of t h e  regions of a p p l i c a t i o n  inhe ren t  t o  each 
of them. 

t h a t  t h e  material I a m  about t o  d i scuss  i s  only concerned 

I w i l l  no t  l i m i t  myself 

The paper c o n s i s t s  of f i v e  p a r t s :  

- Col l ec t ion  and u t i l i z a t i o n  of s o l a r  energy. 

- E l e c t r o s t a t i c  propuls ion un i t s .  

- R a i l  type plasmagun. 

- Plasma a c c e l e r a t o r  with a s l i d i n g  f i e l d .  

- Electrothermal  propuls ion un i t .  

COLLECTION AND UTILIZATION OF SOLAR ENERGY 
L_ -- 

The b a s i c  problem r e l a t e d  t o  a power source f o r  electric space 
propuls ion i s  f a r  from being so lved ,  because t h e  product ion of a 
n u c l e a r  r e a c t i o n - e l e c t r i c  gene ra to r  gzoup is probably q u i t e  f a r  away. 
I n  s p i t e  of t h e  low dens i ty  (1.4 kW/m i n  t h e  v i c i n i t y  of t h e  ea r th ) ,  
s o l a r  r a d i a t i o n  is c e r t a i n l y  an i n t e r e s t i n g  source of energy, e s p e c i a l l y  
f o r  missions i n  t h e  v i c i n i t y  of t h e  o r b i t  of t h e  e a r t h ,  o r  w i t h i n  it 
(Ref. 1). A t  t h e  p re sen t  t i m e ,  i t  i s  only used on satel l i tes  f o r  (energy) 
supply purposes, a f t e r  being converted by means of s o l a r  panels .  W e  
may r e a d i l y  enumerate p o s s i b i l i t i e s  f o r  i t s  use as a means of propuls ion,  
e i t h e r  by d i r e c t  hea t ing  of t h e  propulsion u n i t  (Ref. 2) o r  by f i r s t  
convert ing i t  t o  electric energy (Ref .  3) by means of systems which could 
r e p l a c e  t h e  cells of today. - I 2  

The experimental  work c a r r i e d  out a t  ONERA is  a t  t h e  p re sen t  
t i m e  l i m i t e d  t o  experiments i n  which a f l u i d  is 
l o c a t e d  i n  a c a v i t y  i n s t a l l e d  i n  t h e  focus of an arc image oven 
(Figure 1). 
It i s  a l s o  i n s t a l l e d  i n  t h e  focus of such a mi r ro r  exposed t o  s u n l i g h t ,  
and t h e  d i r e c t i o n  t o  t h e  sun is  maintained (Ref. 4 ) .  The problems 

heated which i s  

It c o n s i s t s  of two pa rabo l i c  mi r ro r s  1.5 m i n  diameter.  
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Figure 1 

Arc Image  Oven 
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Figure 2 

H e a t  Element f o r  So la r  Receiver 

encountered are t o  a l a r g e  ex ten t  technologica l  due t o  t h e  high 
temperature  which must be inves t iga t ed  (2,000'K). The p r o p e l l a n t  
used is  helium, which i n  p r i n c i p l e  is less i n t e r e s t i n g  than  hydrogen 
because t h e  molecular  mass i s  l a r g e r .  However, i t  i s  easier t o  
handle  and completely n e u t r a l  wi th  respec t  t o  metals a t  high temperatures .  
The h e a t i n g  can e a s i l y  be d i r e c t l y  measured by means of a thermocouple 
p laced  i n  t h e  s e t t l i n g  chamber o r  by s tudying  t h e  s o n i c  blocking of 
t h e  e j e c t i o n  nozz le  (Ref. 5 ) .  Figure 2 shows an  example of an 
exper imenta l  h e a t  element,  which cons i s t s  of a plat inum c o i l  r o l l e d  
i n t o  a quas i - spher ica l  form, which can be in t roduced  i n t o  a r ece iv ing  
c a v i t y .  Configurat ions wi th  mul t ip l e  cavities, which a s su re  a s tage-  
w i s e  c o r r e c t i o n  of t h e  r a d i a t i o n  at inc reas ing  temperatures ,  are 
p r e s e n t l y  be ing  s t u d i e d  i n  order  t o  i n c r e a s e  t h e i r  ou tpu t ,  e s p e c i a l l y  
when t h e  mi r ro r s  are no t  p e r f e c t .  The c a v i t y  which conta ins  t h e  c o i l  
w a s  designed s o  as t o  ob ta in  thermal t r a n s f e r  w i t h  optimum ou tpu t .  
The l o s s e s  due t o  r a d i a t i o n  w e r e  reduced by tak ing  advantage of t h e  
luminescent  f l u x ,  e s p e c i a l l y  when the focusing i s  not  p e r f e c t .  

A t r u e  s tudy of t he  r e c e i v e r  can only be  made us ing  s o l a r  
r a d i a t i o n ,  because t h e  e l e c t r i c  a r c  r e s u l t s  i n  an imperfect  



col l imat ion  of t h e  bundle projected towards t h e  rece iv ing  mi r ro r ,  
and t h e r e  i s  a mediocre d e f i n i t i o n  of t he  image po in t  i n  t h e  
f o c a l  plane.  

The experiments using t h e  a r c  image oven are only prepara tory  
t o  those which w i l l  be ca r r i ed  out  a t  t h e  Solar  Energy Laboratory a t  
Montlouis. The focus of t he  mirror  w i l l  c o n t r o l  t h e  apparent 
displacement of t he  sun. 

Using hydrogen, one can achieve a s p e c i f i c  impulse on t h e  order  
of 800 t o  900 seconds i n  the  v i c i n i t y  of t h e  e a r t h .  
can e a s i l y  be s t o r e d  over s eve ra l  days, which i s  s u f f i c i e n t  t o  ob ta in  
an o r b i t  having a l a r g e  e c c e n t r i c i t y ,  f o r  example. 

The hydrogen 

I n  add i t ion  t o  t h i s  p o s s i b i l i t y  f o r  t h e  d i r e c t  u t i l i z a t i o n  of 
thermal energy, i t  seems i n t e r e s t i n g  t o  consider  photo-vol ta ic  
conversion i n t o  e l e c t r i c a l  energy by using a smaller concent ra t ion  
of t h e  r a d i a t i o n ,  f o r  example 100 t o  200, i n s t ead  of several thousand. 
As an example, Figure 3 shows seve ra l  types of solar probe missions 
which may be c a r r i e d  out  i n  t h e  fu tu re  and which use t h e  r a d i a t i o n  
energy of t h e  sun. They w i l l  be e spec ia l ly  i n t e r e s t i n g  i f  they take 
p l ace  i n  regions where the  dens i ty  of t h e  r a d i a t i o n  reaches 5 kW/m2. 

The mass power which can be achieved w i l l  be on the  order  of 100 
e l e c t r i c  w a t t s  pe r  kg, using photo-voltaic conversion, thermionic 
conversion o r  thermodynamic cyc le  conversion. The choice of t he  
e l e c t r i c  energy source w i l l  be made on the  b a s i s  of i t s  a b i l i t y  t o  
adapt t o  mercury ion  propuls ion systems o r  even a plasma acce le ra to r .  

ELECTROSTATIC PROPULSION UNITS 

The motor s tud ied  a t  t h e  ONERA (Ref. 6 )  c o n s i s t s  of a mercury 
i o n  source  of t h e  classical Kaufman type,  f ed  by a mercury h e a t  element 
which i s  followed by an e l e c t r o s t a t i c  o p t i c a l  system. 
c o n s i s t s  of a screen  g r i d  and an acce le ra t ing  g r i d  (Figure 4 ) .  
b r i e f l y  recall t h e  p r i n c i p l e  involved. 

The la t ter  
I w i l l  

The mercury vapor is subjec ted  t o  t h e  bombardment of e l e c t r o n s  
emi t t ed  by an axial  f i lament  and acce lera ted  by a r a d i a l  electric f i e l d .  
A l o n g i t u d i n a l  magnetic f i e l d  i s  produced by a c o i l  which surrounds t h e  
source  by e longat ing  and curbing the  t r a j e c t o r i e s  of t h e  e l e c t r o n s  
inward. Its purpose is  t o  increase  the  p r o b a b i l i t y  of an encounter 
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between t h e  e l e c t r o n s  and t h e  metallic atoms. The e x t r a c t i o n  and 
a c c e l e r a t i o n  of t h e  ions  i s  assured by means of two ad jacen t  g r i d s ,  
and t h e  bundle can be n e u t r a l i z e d  by means of a heated w i r e  which 
e m i t s  e l e c t r o n s .  

Performance and endurance experiments w e r e  c a r r i e d  out  i n  an 
evacuated casing ( 1 0 ~ ~  Pa),* which has an i n t e r i o r  volume of 3 . 5  m 3  
which i s  s u f f i c i e n t  t o  permit t h e  study of t h e  bundle and t h e  
behavior of t h e  i o n s  (Figure 5 ) .  

A d e t a i l e d  study of t h e  operat ion has been c a r r i e d  out.  
l e d  t o  a d e s c r i p t i o n  of t h e  va r ious  c h a r a c t e r i s t i c s  as a func t ion  
of t h e  given parameters: mercury output ,  hea t ing  i n t e n s i t y  of t h e  
f i l amen t ,  e lec t r ic  vo l t age ,  magnetic f i e l d .  The la t te r  i s  n o t  a 
requirement. I would l i k e  t o  discuss  t h e  s tudy of t h e  i o n  bundle, 
which w a s  s u f f i c i e n t l y  r e f i n e d  t o  take i n t o  account t h e  importance 
of t h e  w a l l  e f f e c t s .  

This 

The bundle was n o t  n e u t r a l i z e d  by means of an e l e c t r o n  
con t r ibu t ion .  Measurements of t h e  electric c u r r e n t  w e r e  c a r r i e d  
o u t  a t  va r ious  loca t ions .  This made it p o s s i b l e  t o  e s t a b l i s h  t h e  
course of t h e  i o n s ,  as is  shown i n  Figure 6 .  It i s  v a r i a b l e  
depending on t h e  value of t h e  cathode p o t e n t i a l .  
va lues ,  t h e  ions  are i n t e r c e p t e d  i n  l a r g e  numbers by t h e  g r i d ,  and 
those  which escape f a l l  back on t h e  g r i d  and t h e  casing. (Trajectory a). 

For very s m a l l  

When the vo l t age  is  inc reased ,  t h e  t r a j e c t o r i e s  of t h e  ions  are 
lengthened and reach t h e  w a l l  of t h e  casing ( t r a j e c t o r y  6). 
only reach t h e  t a r g e t  a f t e r  a c e r t a i n  c r i t i ca l  va lue  i s  reached, which 
i n  t h i s  case l ies  i n  t h e  v i c i n i t y  of 3 kV ( t r a j e c t o r y  6 ) .  Then, t h e  
i o n  bundle i s  w e l l  developed. 
t a r g e t ,  and t h e  casing receives nothing. 

The ions  

It is  received completely by t h e  

Figure 7 shows t h e s e  r e s u l t s  again and, i n  p a r t i c u l a r ,  shows t h e  
abrupt  increase of t h e  cu r ren t  received by t h e  t a r g e t .  
noted t h a t  t h e  numerical  values  are v a l i d  f o r  a given geometry, and 
a l s o  under t h e  cond i t ion  t h a t  t h e  pressure i s  s m a l l  enough, s o  t h a t  
t h e  i o n i z a t i o n  of t h e  r e s i d u a l  gases  can be neglected.  
case f o r  t h e  measurements under considerat ion;  the p res su re  w i t h i n  t h e  
c a s i n g  w a s  Pascal.* 

It should be  

This w a s  t h e  

When t h e  i o n  generator  is operat ing without t h e  n e u t r a l i z a t i o n  
f i l a m e n t ,  t h e  r a d i a t i o n  of t h e  generator  on t h e  t a r g e t  i s  completelv 

* Pa = P a s c a l  = 10 b a r s  

9 



poroi du caisson-1 

Figure 6 

Mecury I o n  Accelerator :  I o n  T r a j e c t o r i e s  a t  the 
Output of t he  Source 

(1) Casing Wall; (2) P ro tec t ion ;  (3)  I o n  Source; 
( 4 )  Ext rac t ion  Grid; (5) Accelerat ing Grid; 
( 6 )  * : (7) * 

n e g l i g i b l e ,  and t h e  power which t h e  l a t t e r  r ece ives  due t o  i o n  impact 
can b e  measured by t h e  e x t e n t  of i t s  hea t ing .  This can be  compared 
w i t h  t h e  electric power suppl ied t o  t h e  ions.  

The former is t h e  product of the h e a t i n g  capac i ty  and the 
h e a t i n g  rate. The l a t t e r  i s  the  product of t h e  a c c e l e r a t i n g  vo l t age  

/4 and the cu r ren t .  

The r e s u l t s  are shown i n  Figure 8 and show an e x c e l l e n t  agreement 
between t h e  two methods. This i n d i c a t e s  t h a t  t h e r e  is a good c o l l e c t i o n  
of i o n s  on t h e  t a r g e t ,  as w e l l  as the absence of r e f l e c t i o n s  o r  n o t i c e a b l e  
reemissions.  

The n e u t r a l i z a t i o n  of the bundle does n o t  p re sen t  any p a r t i c u l a r  
d i f f i c u l t i e s .  
p l aced  50 mm away from t h e  acce le ra t ing  g r i d .  

* T r a n s l a t o r ' s  no te :  Not l e g i b l e  i n  o r i g i n a l  f o r e i g n  t e x t .  

It i s  simply obtained by means of a tantalum f i lament  

10 
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Figure 7 

Mecury Ion Accelerator: Influence of the 
Accelerating Voltage on the Auto-Neutralization Phenomenon. 

(1) Intensity; (2) Intensity on the Cathode; (3) Intensity 
on the Target; ( 4 )  Intensity on the Casing; ( 5 )  Intensity on 
the Protection Unit; (6) Intensity Captured by the Grid. 

Experiments over long periods of time have been carried out with 
this apparatus. 
the various components showed that extended operation would have been 
possible. The performance was as follows: 

After running for 100 hours, a detailed examination of 

-1 
Average mercury output . . . . . . . . . . . .  65 pg.s 

Useful output . . . . . . . . . . . . . . . .  .0.7 

Ejection velocity of ions . . . . . . . . . .  54 km.s-’ 

Thrust (estimated) . . . . . . . . . . . . .  2. 5 .10-3N 

Specific Impulse . . . . . . . . . . . . . .  3800 s 
Total output . .  . .  0.36 

Total power . . . . . . . . . . . . . . . .  250 W 

11 
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2-Puisstance thermique 

Figure 8 

Mercury Ion Accelerator ;  
Electrical  and Thermal Determination of Power 

(1) Electr ical  Power; (2) Thermal Power 

It can be assumed t h a t  a propulsion u n i t  of t h i s  type could be  
b u i l t  very r a p i d l y  i n  o rde r  t o  s a t i s f y  t h e  needs of certain space 
missions with o r b i t s  i n  t h e  v i c i n i t y  of t h e  e a r t h ,  such as o r b i t  
c o r r e c t i o n s  o r  maintaining synchronous sa te l l i t e  o r b i t s .  

RAIL-TYPE PLASMAGUN 

The device which w a s  b u i l t  w a s  constructed i n  o rde r  t o  c a r r y  
o u t  d e t a i l e d  s t u d i e s  on t h e  propagation of t h e  discharge (Figure 9) .  
This is  done e s s e n t i a l l y  by e l e c t r i c a l  measurements, b u t  a l s o  i n  p a r t  
by o p t i c a l  means. 

The f i r s t  experiments which were c a r r i e d  out  cons i s t ed  p r imar i ly  
of measurements of t h e  magnetic f i e l d  (Ref. 7) .  I f  t h e  discharge i s  
considered as a conducting ba r  i n  the f i r s t  approximation, i t  i s  easy 
t o  der ive i t s  propagation v e l o c i t y  from measurements of the axial  and 
t r a n s v e r s e  components of t h e  f i e l d  induced by t h e  c i r c u i t  (Figure 10 ) .  
The phenomenon i s  complicated by the presence of a r e s i d u a l  discharge 
a t  t h e  l e v e l  of t h e  i n i t i a t o r s  and by an electric c u r r e n t ,  which cannot 
b e  neg lec t ed ,  which f i l l s  t h e  e n t i r e  space between t h e  i n i t i a t o r  and t h e  
d i scha rge .  
c o i l s  made a p r e c i s e  d e f i n i t i o n  of t h i s  phenomenon p o s s i b l e  (Figure 11 ) .  
It w a s  thus p o s s i b l e  t o  c o r r e c t  t h e  measurements of t h e  propagation 
speed of t h e  discharge.  

Measurements of t h e  l o c a l  i n t e n s i t y  by means of Rogowski 

12 
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Figure 9 

Rail-Type Plasmagun 

(1) I n i t i a t o r s  ; ( 2 )  E lec t rodes  ; 
( 3 )  I l l e g i b l e  i n  Foreign Text. 



Figure 10 

Cannon Type Plasmagun. 
Comparison of Methods f o r  Measuring the Speed of the Plasma 

(1) Photo Multipliers; (2) Transverse Magnetic Field; (3) Probe; 
(4) Axial Magnetic Field; (5) Position of the Plasma, Distance to 
the Initators, mm; (6) Time 
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Figure 11 

R a i l  Type Plasmagun 
Growth of t h e  Plasma Bulge i n  t h e  Course of t h e  F i r s t  

Half-Period 
(1) It:  T o t a l  I n t e n s i t y ;  (2) I : I n t e n s i t y  of the Plasma 
c u r r e n t ;  (3) Ii: I n t e n s i t y  a t  t h e  Level of t h e  I n i t i a t o r ;  
( 4 )  T: Per iod of t h e  Supply Current 

Nevertheless ,  i t  w a s  impossible t o  determine the a c c e l e r a t i o n  
pe r iod  of t h e  plasma c rea t ed  by t h e  discharge i n  t h i s  way. 
g a t i o n  speed w a s  found t o  be  constant along t h e  entire l eng th  of t h e  
conductors.  - 15 

The propa- 

The use of pho tomul t ip l i e r s  r e s u l t s  i n  an exac t  l o c a l i z a t i o n  of 
t h e  d i scha rge  and r e s u l t e d  i n  an exact p i c t u r e  of t h e  a c c e l e r a t i o n  process  
which t akes  p l a c e  w i t h i n  a very s m a l l  f r a c t i o n  of t h e  per iod (approximately 
2 us). 
very g r e a t  predominance of t h e  electric f o r c e s  over t h e  aerodynamic 
f o r c e s  which could introduce t h e  f r i c t i o n  fo rces .  
determine t h e  d i r e c t i o n  of t h e  discharge (Figure 12) which is  i n c l i n e d  

This b r i e f  du ra t ion  of t h e  a c c e l e r a t i o n  can b e  explained by t h e  

It w a s  p o s s i b l e  t o  

15 
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Figure 13  

Argon Trave l l ing  Wave Accelera tor  

w i th  r e s p e c t  t o  t h e  axis. This i n c l i n a t i o n  changes s i g n  wi th  t h e  p o l a r i t y  
of t h e  e l e c t r o d e s ,  due t o  t h e  e f f e c t  of H a l l  f o rces .  

These experiments i n  p a r t i c u l a r  showed t h e  discrepancy between 
t h e  t r u e  phenomena and t h e  s impl i f i ed  model used i n i t i a l l y ,  whereby 
t h e  d ischarge  w a s  represented  as a r i g i d  plasma column which i s  
a c c e l e r a t e d  along t h e  entire length  of t h e  rails .  

I n  o rde r  t o  determine a l l  t h e  q u a n t i t i e s  mentioned us ing  t h i s  
exper imenta l  device,  i t  w a s  necessary t o  p e r f e c t  very r a p i d  measure- 
ment methods, which are adapted t o  the  d e t a i l e d  s tudy of p l a smas  
i n  motion. 

PLASMA ACCELERATOR WITH A SLIDING FIELD 

This  type  of propuls ion  u n i t  is based on t h e  removal of 
t h e  conducting medium, which i s  the  plasma, by Foucault  c u r r e n t s  , 

i 7  
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Figure 14 

Travelling Wave Accelerator 
Axial Growth of the Velocity and of the Volume Mass. 
(Linearized Calculation y = 5 / 3 ,  Mo = 3, L = Length 

of the Accelerator, A = Wave length) 

(1) Average Value; (2) Envelope 
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Figure 15 

Travel l ing Wave Accelerator  
Axial Growth of the  Velocity and of t h e  Volume Mass. 

(Semi-linear s o l u t i o n  which shows the  s a t u r a t i o n  (?) of the  

(y = 5/3, Mo = 3 ,  L = l ength  of t h e  a c c e l e r a t o r ,  A = wave length)  

(1) Average value;  (2) Envelope 

increase  i n  veloci ty)  
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Figure 1 6  

Trave l l i ng  Wave Accelera tor :  

Output by t h e  Acce lera tor  
Successive Views  a t  0.5 us I n t e r v a l s  of t h e  P .asma 

which produce a v a r i a b l e  magnetic f i e l d .  

The la t te r  is  produced by means of c o i l s ,  which are suppl ied  
by mult iphased c u r r e n t s  having a frequency of 100 kc.  
arranged i n  t h e  manner shown i n  Figure 13. 

They are 

The o p e r a t i o n a l  theory  of such an a c c e l e r a t o r  w a s  based on 
t h e  assumption of an  annular  channel having a cons tan t  h e i g h t ,  which 
i s  s m a l l  w i t h  r e s p e c t  t o  t h e  average r ad ius  and t h e  l eng th  of t h e  
channel .  
a l t e r n a t i n g  f o r c e s  w i t h i n  t h e  plasma which are converted i n t o  
success ive  swe l l ings ,  which are confined by t h e  magnetic f i e l d .  

The p e r i o d i c a l  components of t h e  s l i d i n g  f i e l d  cause 

The l i n e a r i z e d  theory ,  i n  which one assumes weak e lec t romagnet ic  

This i s  shown i n  Figure 1 4 ,  which shows t h e  v a r i a t i o n s  of 
p e r t u r b a t i o n s ,  (Ref. 8,9, l o ) ,  p r e d i c t s  t h i s  pulsed s t r u c t u r e  of 
t h e  j e t .  
t h e  speed and t h e  volume m a s s  of the plasma as a func t ion  of t h e  
a b s c i s s a ,  which is r e l a t e d  t o  the  wave length :  

2lTv =-• 
w 

I n  t h i s  case i t  is  0 . 1  m. 

I n  r e a l i t y ,  t h e  theory is  i n s u f f i c i e n t  when t h e  s l i d i n g  of t h e  
An improved theory  plasma wi th  r e spec t  t o  t h e  f i e l d  becomes s m a l l .  

20 



Figure 17 

Mercury Pump During Operat ion 

l e a d s  t o  t h e  curves  shown i n  F igure  15, which s t i l l  show t h e  c e l l u l a r  
c h a r a c t e r  of t h e  outf low,  bu t  show a s a t u r a t i o n  which i s  reached q u i t e  
r a p i d l y ,  s i n c e  t h e  l i m i t i n g  v e l o c i t y  i s  obtained f o r  a d i s t a n c e  less 
than  one wave length .  

I n  r e a l i t y ,  t h e  phenomenon takes p l a c e  more r ap id ly .  This i s  
due t o  t h e  very s m a l l  re la t ive inf luence  of t h e  aerodynamic f o r c e s ,  as 
w a s  t h e  case f o r  t h e  r a i l - t y p e  plasmagun. However, t h e  experiment 
confirmed t h e s e  t h e o r e t i c a l  r e s u l t s .  
from an argon plasma a c c e l e r a t o r  (Ref. ll), which had an average 
d iameter  of 9 cm and a l eng th  of 7 cm (Figure 13). 
camera w a s  used t o  o b t a i n  photographs a t  one-half microsecond i n t e r v a l s .  
The average e j e c t i o n  v e l o c i t y  w a s  25 t o  30 km p e r  second. 
shows t h e  sequence of plasma swel l ings ,  and i t  may be  r e a d i l y  a sce r t a ined  
t h a t  t h e  frequency of t h e  phenomenon i s  equal  t o  t w i c e  t h a t  of t h e  
s u p p l i e d  c u r r e n t ,  because i t  i s  determined by t h e  square of t h e  magnetic 
f i e l d .  

It w a s  c a r r i e d  out  w i th  a j e t  

An e l e c t r o n i c  
/6 

Figure 1 6  
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Mercury Pump: 
Suppression at Zero Output 

(1) Suppression a t  Zero Output; (2)  Square of t h e  
I n t e n s i t y ;  (3) Sa tu ra t ion  of t he  Magnetic Core; 
( 4 )  Experiment; (5) Theory 

The same i n v e s t i g a t i o n  w a s  ca r r i ed  out using photomul t ip l ie rs .  
I n  order  t o  make t h e  zones appear s u f f i c i e n t l y  luminous, two s m a l l  
spheres  w e r e  placed d i ame t r i ca l ly  opposite each o the r  w i th in  t h e  je ts ,  
a t  d i f f e r e n t  l e v e l s .  Shock waves were produced on them. The v e l o c i t y  
of t h e  plasma w a s  der ived from the  delay between t h e  i l l umina t ion  of 
t h e  two shock waves. 

These i n v e s t i g a t i o n s  showed very w e l l  t h a t  t h e  v e l o c i t y  of t he  
p l a sma  is t h a t  of t h e  s l i d i n g  f i e l d ,  under t h e  condi t ion  t h a t  t h e  mass 
flow is  less than a cri t ical  value.  
a c c e l e r a t o r  is  uncoupled, i n  the  sense of t h e  uncoupling of an 
asynchronous motor. 

I f  t h i s  is  not  t h e  case, t h e  

This  is a phenomenon which i s  q u i t e  analogous t o  t h e  c l a s s i c a l  
thermal  blocking of a focus. 
reduced t o  4 km pe r  second, which corresponds t o  an aerodynamic 
expansion of t h e  f l u i d  heated by high frequency waves. 
produce no acce le ra t ion ,  but  t h e i r  energy i s  e n t i r e l y  absorbed by the  
plasma i n  t h e  form of hea t .  

I n  the p re sen t  case ,  t h e  v e l o c i t y  i s  

The lat ter 
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Mercury Pump: 
Var i a t ion  of t h e  Charge Loss With Output 

(1) Experimental P o i n t ;  (2) Turbulent Outflow; 
(3)  Hartmann Outflow; (4) Speed of t h e  F lu id  

Before w e  examined t h e  t r a n s f e r  mechanism of the electromagnet ic  
wave energy t o  a conducting medium, w e  designed a s i m i l a r  device i n  t h e  
form of  a mercury pump (shown i n  Figure 17) .  
g r e a t  importance of f r i c t i o n  phenomena (Ref. 1 2 ) .  For ze ro  output ,  t h e  
ove rp res su re  de l ive red  by t h e  pump is e x a c t l y  equal  t o  t h e  one p red ic t ed  
by theory,  a t  least  when t h e  axial  i r o n  core does n o t  reach magnetic 
s a t u r a t i o n .  (Figure 18). 

This apparatus  shows t h e  

A s  soon as t h e  mercury c i r c u l a t e s  i n  t h e  pump, very high charge 
l o s s e s  appear,  which are c l o s e r  t o  those corresponding t o  t u r b u l e n t  
outf low than  those which r e s u l t  from Hartmann's l a w  (Figure 19) .  

These charge l o s s e s  have an e f f e c t  on t h e  y i e l d ,  due t o  t h e  very 
harmful  h e a t  t r a n s f e r .  This f a c t  led t o  t h e  design of a plasma 
a c c e l e r a t o r  which w a s  as s h o r t  as poss ib l e ,  s i n c e  i t  w a s  clear t h a t  
the l e n g t h  r equ i r ed  t o  a t t a i n  t h e  l i m i t i n g  v e l o c i t y  i s  reduced. 

End e f f e c t s  and t h e  r a p i d  decrease of t h e  electromagnet ic  f i e l d  

23 



a t  t h e  o u t l e t  of t h e  apparatus  were found t o  be  d is turbances  which 
were less se r ious  than t h e  hea t  t r a n s f e r  mentioned. 

The d,evice descr ibed above has  a l ready been cons t ruc ted  according 
t o  t h i s  p r i n c i p l e .  A second acce le ra to r ,  designed f o r  quasi-permanent 
opera t ion  and which opera tes  wi th  sodium vapor (Figure 20), has been 
constructed i n  a s i m i l a r  way. The t i m e  of opera t ion  i s  a few seconds. 
It is  only l imi t ed  by the  hea t ing  of t h e  c o i l s .  

Due t o  t h e  p r i n c i p l e  involved, t r a v e l l i n g  wave propuls ion u n i t s  
are s u i t a b l e  f o r  a power l e v e l  on t h e  order  of 100 kW at least. 
y i e l d  i s  on t h e  order  of 40%, but  becomes very poor a t  low power due 
t o  t h e  considerable  r e l a t i v e  increases  of h e a t  l o s ses .  

Their 

ELECTRIC - ARC PROPULSION UNIT /7 
Even though research  on a r c s  ca r r i ed  out  a t  t h e  ONERA w a s  done p r i -  

mar i ly  i n  t h e  i n v e s t i g a t i o n  of a i r  heaters (Ref. 13, 14) ,  arc propuls ion 
units were never the less  s tud ied  due t o  t h i e r  i n t e r e s t i n g  p o s s i b i l i t i e s  
i n  t h e  s p e c i f i c  impulse region from 500 t o  1000 seconds. 
of i n t e r e s t  due t o  t h e i r  s impl i c i ty  of c o n s t r u c t i m  and s i m p l i c i t y  of 
operat ion.  
s t a b i l i t y  w e r e  c a r r i e d  out .  

They a r e  a l s o  

The ana lys i s  of t h e i r  operat ion and t h e  s tudy of t h e i r  

E s s e n t i a l l y ,  argon (Ref. 15) and helium were used as p rope l l an t s  
i n  apparatus  which w e r e  cooled by water ,  n e c e s s i t a t e d  by t h e  long opera- 
t i o n a l  t i m e s .  The s i m p l i c i t y  of the p r i n c i p l e  f o r  these  apparatus  does 
no t  cal l  f o r  a g r e a t  dea l  of fundamental research.  The experiments 
which w e r e  c a r r i e d  out  i n  t h i s  connection are more technologica l  than 
t h e  preceding experiments. W e  should mention the  measurements of t h e  
speed of r o t a t i o n  of t h e  a r c ,  experiments on t h e  opera t ion  i n  a vacuum, 
and t h e  d i s t r i b u t i o n  of t h e  hea t  losses  among the  var ious p a r t s  of t h e  
genera tor .  

The a r c  which jumps between an a x i a l  cathode and an anode i n  t h e  
form of a convergent tube c l e a r l y  has t h e  appearance of a s p i r a l  which 
is  r o t a t e d  by means of an a x i a l  magnetic f i e l d ,  such t h a t  t h e  mass i s  
swept ou t  of t h e  chamber and, at the same t i m e ,  t h e  w e a r  of t h e  elec-  
t r o d e s  is  reduced by d i s t r i b u t i n g  the arc over t h e i r  pe r iphe r i e s .  

The measurement w a s  c a r r i e d  out using photomul t ip l ie rs  and 
cinematography, a t  a rate of 8000 frames pe r  second. 

A prel iminary determinat ion of t h i s  r o t a t i o n  speed w a s  made, by 
w r i t i n g  down t h e  equat ion f o r  t h e  s t a t iona ry  equi l ibr ium of the  a r c  
under t h e  in f luence  of electromagnetic and aerodynamic fo rces .  
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Figure 20 

Sodium Travelling Wave Accelerator 
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Figure 21 

Inc rease  of t h e  Speed of Rotat ion of t h e  Arc 

(I: Intensity, dc: Diameter of the cathode, po: 
Permeability of vacuum, p: Pressure, ‘ c ~ :  Average 
radius of the assembly, k: Mass output) 

(1) Cycles 
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I 

A r e l a t i o n s h i p  between the  frequency of r o t a t i o n  and t h e  non-dimensional 
number is obtained 

which, as experiments show, may be  appl ied s a t i s f a c t o r i l y ,  as Figure 2 1  
shows. 
cathode, p t h e  pressure ,  l ~ o  is  the  permeabi l i ty  of vacuum, rb t h e  m a s s  
y i e l d  and r the  mean rad ius  of t h e  a rc .  m 

I is  the  cur ren t  of t h e  arc, dc is  t h e  mean diameter of t h e  

CONCLUSION 

This b r i e f  summary of work ca r r i ed  out  a t  t h e  ONERA i n  t h e  f i e l d  
of electric propuls ion shows t h a t  r e s u l t s  have a l ready  been obtained 
which enable  us t o  de f ine  materials which s a t i s f y  a s p e c i f i c  requi re -  
ment. I do no t  mean t o  say  t h a t  a l l  t h e  problems have been solved. 
A g r e a t  e f f o r t  must be  made t o  a r r i v e  a t  a complete understanding of 
t h e  phenomena and a l s o  t o  c o l l e c t  knowledge which i s  s u f f i c i e n t  f o r  
t h e  cons t ruc t ion  of propuls ion u n i t s ,  which must func t ion  without  
f a i l u r e  over long per iods  of t i m e .  

/8 

The ONERA is equipped with a number of vacuum i n s t a l l a t i o n s ,  which 
makes i t  poss ib l e  t o  car ry  on these  inves t iga t ions .  

Figure 22 summarizes t h e i r  c h a r a c t e r i s t i c s  i n  t h e  form of a general  
t a b l e .  This shows t h e  v a r i e t y  of the i n s t a l l a t i o n s .  

These apparatus  lend themsleves t o  experiments w i t h  propuls ion 
u n i t s  of a l l  types ,  under widely varying condi t ions.  Great progress  
may be  expected i n  t h e  fu tu re .  
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